In this paper, the application of Endurance Time (ET) method in seismic analysis of bridges is explained. ET method is a novel seismic analysis method based on time history analysis in which a structure is subjected to a predefined intensifying acceleration function. First, six concrete bridges were modeled.
Introduction
Damage and collapse of bridges around the world due to earthquakes in recent decades has led engineers to pay attention to the seismic vulnerability of the bridges as the critical structures in transportation networks [1, 2] . The first necessity in the design or seismic retrofit of bridges is to know their expected performance during earthquakes. An unrealistic prediction of the bridge behavior during an earthquake leads to an improper design resulting in an incorrect response, which can in turn lead to unforeseen damage or even collapse of the bridge. The root of this problem is sometimes originated from the excessive simplifications in the modeling and analysis of a bridge during its seismic design or retrofit [3] .
In investigation the seismic behavior of a structure, two important issues should be noted.
First, put effort to create a model including vital details despite its simplicity; and second, select a suitable method in the analysis of the model by considering the accuracy and saving analysis time [4] . It has been generally recognized that it is uneconomical to design a bridge to resist a severe earthquake elastically [5] . Excessive use of accurate analysis methods imposes enormous burden of calculations on the designer, while simpler methods are also capable of predicting the seismic behavior of a structure with an acceptable accuracy [6] . The application of Endurance Time method as a time history based method has been quite successful in the seismic analysis of structures in both linear and nonlinear ranges in building frames and some other structures [7, 8] . ET analysis provides high accuracy in predicting the behavior of the structures in spite of the shortened total analysis time [9] . In this paper, the advantages of ET analysis over time history method and incremental dynamic analysis is demonstrated in seismic analysis of bridges.
Analysis

Endurance Time method (ET)
Estekanchi et al. [10] proposed the idea of Endurance Time method. The concept of ET can be explained considering a hypothetical experiment. According to Figure 1 , a dynamic excitation is applied to three different structures with unknown structural properties built on a shaking table by a predetermined acceleration function. The amplitude of the oscillation increases gradually. As time elapses, it is assumed the frame A collapses after 8 s, frame C collapses after 13 s, and the frame B collapses after 18 s. Thus according to the definition, the Endurance Time of the frames A, C, and B for a specific failure criterionwhich is complete collapse in this case-is 8 s, 13 s, and 18 s, respectively. If the three frames are designed with three different methods for a unique purpose, it can be said that the frame B have the largest Endurance Time and the best performance from the endurance perspective. Hence, Endurance Time method is a dynamic analysis method supposed to predict the seismic response of a structure by the application of a predefined intensifying dynamic loading [11] .
{insert Figure 1 .}
2.2.The characteristics of acceleration functions in Endurance Time method
For the purpose of this study, it is assumed that ET acceleration functions are calibrated so that their response spectrum until a target time should be in agreement with the template spectrum which is a code design spectrum or the average spectrum of a set of selected ground motions. [12, 13] . The characteristic of the acceleration functions is the linear increase of its amplitude with time. To achieve this goal, a linear ratio should exist between the response spectrum at a specific time and the response spectrum at the target time (e.g. 10 th s), which approximately equals the template spectrum. For instance, the response spectrum of the acceleration function until the 5 th second should be half and until 15 th second must be 1.5 times of the template spectrum. These characteristics of the Endurance Time acceleration functions are presented in Figure 2 .
{insert Figure 2 .}
2.3.The Endurance Time acceleration functions used in this study
From the time of formation of Endurance Time method thus far, several acceleration functions are produced having various goals. Each set of acceleration functions is optimized in the generation step to be compatible with the template spectrum [14] . In the initial studies, the acceleration functions of Endurance Time method were optimized based on Iranian national building code (INBC) 2800 [15] spectrum. In this paper, acceleration functions series ETA40g are employed which are optimized based on ASCE7-05 [16] design spectrum as the template spectrum. One of the ET acceleration functions used in the analysis of the bridges in this study is depicted in Figure 3 [14] .
One of the characteristics of the ET acceleration functions is that the response spectrum produced by a window from t=0 to t=t 1 matches a spectrum that is a function of t 1 . The acceleration functions "ETA40g" series are designed such that their response spectrum at 10 th second matches ASCE7-05 design spectrum with parameters S S =1.5, S 1 =0.6, F a =1.0, F V =1.3 and T L =8 s.
To carry out ET analysis, the first step is the scaling of the acceleration functions for each model, in a way that their average spectrum matches the site design spectrum which is the design spectrum of FHWA 2006 [17] for a site in Berkeley in California with the soil type C. This spectrum corresponds with an event of 1033 (say 1000) years return period (7% probability of exceedance in 75 years). The coefficient associated with the generation of this spectrum is presented in Table 1 .
{insert Table1.} Since the site spectrum and ASCE7-05 spectrum which is the base template spectrum of "ETA40g" in the generation day, are not different in shape but in scale, it is adequate to match the two mentioned spectrums and obtain a same scale factor for analysis of all models. Applying the aforementioned method, the scaling factor of 2.20 makes ET spectrum in the target time (i.e. 10 th s.) compatible with the site.
Since ETA40g series are one-directional acceleration functions, for a 3D analysis, a scale factor of 2.20 for two horizontal and a factor of 0.67×2.20 for the vertical direction are used. To eliminate the dispersion resulting from random selection of the points in the ET acceleration function generation, a proposed method in three steps is followed. To illustrate the results of ET analysis, the response histories corresponding to ETAg123, ETAg231 and ETAg312 are extracted and their maximum response curves are drawn. In a specific time t 1 , these curves present the maximum absolute value of responses in a time interval from 0.0 to t 1 . In order to increase the resolution of obtained response, the average of all three maximum response curves is used. Finally, this curve is smoothed using a moving average method to obtain ET curve of the bridge.
{insert Figure 3 .}
The employed models
In this study, six bridge models whose geometric properties are presented in Table 2 are employed. These models are actual structures and in service which are based on Aviram [18] . The finite element model of a typical bridge in this study (i.e. LADWP bridge) is presented in Figure 4 . 
Time history analysis
FEMA P695 guideline [19] in section A.7 has provided advices on the selection of accelerograms. According to these recommendations, seven accelerograms on the type C soil with the magnitude greater than 6.5 Richter was taken from the PEER database [20] .
The properties of these accelerograms are presented in table 3.
{insert Table 3 .}
The selected accelerograms were scaled based on the method proposed in FHWA
2006 [17] . The scaling method was to match the average response spectrum of the accelerograms with the code design response spectrum of the Berkeley in California on the type C soil. This spectrum is taken from the FHWA 2006 [17] for a 1033 (say 1000) years return period event (7% in 75 years probability of occurrence). The coefficient associated with the generation of this spectrum is presented in Table 1 . The scaling factors for each model-accelerogram pair is presented in Table 4 .
Design response spectrum in conjunction with the spectrums of unscaled accelerograms and the average of scaled ones using the method of FHWA 2006 for a hypothetical structure with T =1.00 sec are presented in Figure 5 . Design response spectrum in conjunction with the spectrums of ETA40g acceleration functions till 22 nd sec are presented in Figure 6 . 
Comparison of ET method and IDA
IDA method involves analyzing a structure using a suite of accelerograms each scaled to several IM levels designed to have the structure responses from elastic to extremely nonlinear range [21] . Maximum responses for all predefined IM analysis then calculated and plotted versus an engineering demand parameter (EDP) in a coordinate system [22] .
In such a way the seismic responses of a structure in a wide range of forces are estimated.
ET method is very similar to IDA as in ET by using a predefined intensifying acceleration function instead of some real accelerograms and in only one continuous analysis the seismic responses of a modeled structure evaluated in a wide continuous range from elastic to highly nonlinear.
5.1.From ET time to other engineering intensity measure parameters
Since the time of analysis in ET method is not a common parameter for expressing the responses of structures, substituting a common parameter (such as PGA, Spectral acceleration (Sa(T 1 )), seismic hazard return period, annual rate of exceedance and annual probability of exceedance) for time in the evaluation and expression of the performance of the structures is highly important [23, 24] . As a sample in this study the seismic responses of the bridges represents by two different parameters. Sa(T 1 ) and seismic hazard return period are used as the substitutions of time parameter in ET method.
Results and discussion
ET analysis versus time history
In time history analysis of each bridge, the average of the responses to seven accelerograms is considered as the response of the structure. This response corresponds to the value of ET curve in the target time. As previously noted, the target time for these models is 10.00 sec.
The diagrams of To obtain the response of the bridges in a specific hazard level it is only required to determine the time corresponding to that level and read the value of response on the ET curve at that time. This is one of the significant advantages of ET method compared to other seismic analysis methods such as IDA [25] .
{insert Figure 8 .}
To exhaustively compare the analysis methods, it is appropriate to plot a diagram which indicates the structure response for a specific parameter in all six models. 
6.2.ET analysis versus IDA
To compare ET method and IDA two EDP of displacement of a top node in a column and also the drift ratio of the columns are considered. First by mapping the time in ET method to Sa(T 1 ), the IDA curves for the seven mentioned real earthquake records as well as the mean IDA curve and 16% and 84% curves are plotted. In the other hand the average of three ET response curves and the moving average of them which is called ET curve is plotted in Figure 10 . The figure reveals good agreement between IDA and ETA.
As an alternative the time parameter in ET method is replaced by seismic hazard return period. Figure 11 shows the column drift ratio versus the seismic hazard return period (mapped from ET analyzing time) for LADWP model. Remember that mapping time in ET method to Sa(T 1 ) or to the seismic hazard return period is related to fundamental period of structure [23] .
{insert Figure 10 .} {insert Figure 11 .}
6.3.ET method as a value-based analyzing tool
As an application of ET method the loss curve of a bridge structure can be drawn and the Life cycle cost of the bridge can be estimated. As a practical procedure, considering an ET response curve whose y-axes is an EDP (e.g. bridge column drift ratio) and x-axis is the ET analyzing time, loss curve can be acquired. Here, the annual rate of exceedance of drift ratios should be determined. Reversing the return period on the x-axis (originally mapped from ET analysis time), the mean annual rate of exceedance can be obtained and placed on the y-axis [26] . The drift ratio is replaced by damage cost applying the relationship in Table 5 [27], and considering the initial cost of the bridge, the annual rate of exceedance for damage cost can be obtained as shown in Figure 12 . This is the loss curve of the bridge drawn for LADWP model. The area under the loss curve represents the mean annual total damage cost caused by all earthquakes in one year [26] .
Initial costs
Initial cost is the cost of construction of a new structure or rehabilitation of an existing structure. In this study the initial cost of a bridge involves the costs of material including the concrete and steel bars of superstructure and substructure, the labor cost for construction of the bridge. In the case of a national project as bridges the land price is not a concern. There are some methods for estimating the initial cost of a bridge. It can be calculated by the individual items or estimated approximately for the unit of area.
Life cycle cost
In this study life cycle costs refer to the costs resulting from all earthquakes with any magnitude that may occur during the 75-year lifetime of the bridge. As a simplified method and just to show the capability of ET method in calculating the life cycle costs of bridge the damages are considered to be function of column drift ratio and the damage repair costs in any limit state are assumed to be a ratio of initial cost although in a real accident there are lots of other indirect costs such as user detour cost, injuries, user delay cost, emergency responses cost, etc. In this study, since the main objective is to explore the advantages of ET method in this context, a simple cost model is used and a correlation to quantify damage losses in economic terms as in Table 5 is considered.
{insert Table 5 .} {insert Figure 12 .} The total life cycle cost (LCC) is the sum of the initial costs and the present value of the annual damage costs summed up through the life time of the structure. To transform the damage costs to the present value and calculate the expected damage cost of the bridge in its 75-year life time a discount rate equal to 3% over a 75-year life of the bridge has been considered. Considering the relation between column drift ratio and damage repair costs as a ratio of initial cost, the LCC of the LADWP model after normalizing to the initial cost is obtained as 1.185 times of the initial cost.
Conclusions
Based on the results of this study, the following conclusions can be drawn:
1-The results of Endurance Time analysis for the six bridges with different dimensions
and number of spans reveal that this method yields satisfactory results in nonlinear range.
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